and third day, respectively. Balance performance (postural sway) was assessed during single limb stance with open eyes (SLEO) and double limb stance with closed eyes (DLEC). EMG was recorded for the soleus (SOL), anterior tibialis (TIB), gastrocnemius (GM) and peroneus longus (PL) muscles at the dominant leg. All measures were collected before, immediately as well as 10, 30 and 45 min after HIIT and CON, respectively. Results: Compared to CON, HIIT induced significant increases of postural sway immediately after exercise cessation during SLEO in both groups (adults: p < 0.001, Δ = +25% sway; seniors: p = 0.007, Δ = +15% sway). Increased sway during DLEC was only found for seniors immediately and 10 min after HIIT (post: p = 0.003, Δ = +14% sway, 10 min post: p = 0.004, Δ = +18% sway). Muscle activity was increased during SLEO for TIB until 10 min post in seniors (0.008 < p < 0.03) and immediately after HIIT in adults (p < 0.001). Conclusion: HIIT training may cause an acute 'open-fall-window' with a transient impairment of balance performance for at least 10 min after exercise cessation in both groups. Occluded vision in seniors seems to prolong this period up to 30 min. Thus, the advantage of HIIT with regard to time efficiency seems debatable when considering transient HIIT-induced impairments of neuromuscular function.
Introduction
Seniors aged ≥ 65 years of age are expected to constitute nearly 30% of the societal proportion in Western countries until the end of the current century [1] . This age-group remarkably affects healthcare utilization and expenditures [2] . In this regard, fall-related injuries are considered a major economic, public and individual health concern. Reported annual fall rates range between 0.3 and 1.6 falls (weighted mean 0.6) per person in this age group [3] . The estimated healthcare costs amount to USD 0.2 billion for fatal and USD 19 billion for non-fatal fall-related injuries [4] .
Extrinsic (e.g. missing handrail, uneven terrain, twilight, obstacles) and intrinsic factors (e.g. strength deficits of the lower limbs, increased gait variability, impaired balance performance) were reported to increase the risk of falling. In turn, strength and balance training have been shown to reduce the risk of falling up to 50% by improving intrinsic risk factors (maximal strength, explosive power, static and dynamic balance, gait performance) in older adults [5] [6] [7] [8] . There is also evidence that acute bouts of exercise may relevantly deteriorate static and dynamic balance performance. Most of these studies, however, reported fatigue-induced alterations of balance and gait performance after repetitive sit-to-stand tasks and local lower-extremity or trunk muscle resistance exercises in seniors [9] [10] [11] [12] . Only two studies investigated acute effects of submaximal and maximal cycling or walking on balance performance in seniors [13, 14] . Donath et al. [14] observed increased postural sway after an exhaustive treadmill walking test but not after a submaximal 2-km walking test. Stemplewski et al. [13] also found decreased postural control after 10 min of submaximal cycling at 60% of heart rate reserve. However, both studies did not measure exercise-induced changes of muscle activity and the time course of balance recovery after exercise cessation. Furthermore, neither study analyzed changes of balance performance after acute exercise bouts in a group of young adults and seniors.
As high-intensity interval training (HIIT) has been shown to improve maximal oxygen uptake and cardiac capacity (stroke volume) up to 15% in young adults [15] , HIIT has been successfully applied in clinical and older population [16] [17] [18] . Compared to continuous submaximal aerobic exercise training, HIIT thus seems to serve as a feasible and time-efficient training regimen also for seniors.
In corroboration with the above-mentioned studies on acute exercise effects on neuromuscular performance, the present study aimed at investigating the impact of a typical HIIT session on standing balance performance, muscle activity and balance recovery in young adults and seniors as well. We assumed that HIIT (4 × 4 min at 90-95% HR max ) leads to alterations of standing balance and muscle activity in both groups only during demanding standing balance tasks.
Methods

Study Design
On the basis of the physical activity readiness questionnaire (PAR-Q) and a resting ECG in supine position (Custo cardio 100; Custo med GmbH, Ottobrunn, Germany), all participants were initially examined by an experienced physician. Exercise ECG and maximal heart rate (HR max ) were assessed in all participants on the first day via exhaustive ramp-like treadmill exercise testing. The order of the subsequent two testing conditions (HIIT and control condition (CON)) was randomly assigned for each individual. Hence, the present study was designed as a randomized controlled cross-over study ( fig. 1 ). The testing days were interspersed with a break between 48 and 72 h. All measurements were performed at a similar time of day for each individual. The Freiburg Physical Activity Questionnaire was used to assess physical activity data [19] . Balance and muscle activity data were examined before and immediately after the HIIT session. To additionally obtain postexercise recovery data, 10, 30 and 45 min after HIIT cessation, balance and muscle activity were recorded. The study was approved by the local ethics committee (Ethikkommission beider Basel (EKBB), Basel, Switzerland, 334/12) and complied with the Declaration of Helsinki. All participants signed an informed written consent prior to the start of the study.
Participants
Twenty healthy, active seniors older than 65 years of age and 20 young, active adults were enrolled in the present study ( table 1 ) . No participant reported medication intake or health impairments that may adversely affect balance, maximal exercise or muscle activity testing. Seniors who reported diabetes, untreated hypertension (>180/110 mm Hg), glaucoma, endoprosthesis, arthritis and arthrosis, heart failure, coronary heart disease, stroke, obstructive diseases, eczema and β-blocker users were not included in the study. All participants were asked to refrain from strenuous exercise 72 h prior to the exercise tests.
Acute Interventions
Maximal Ramp Exercise. In order to determine HR max and awkward separation of oxygen uptake (VO 2max ), an exhaustive ramp-like exercise test on a treadmill was performed (h/p Cosmos, Pulsar 4.0; HP-Cosmos Sports & Medical GmbH, Germany). Heart rate (RS 400; Polar Electro Oy, Kempele, Finland) and gas exchange data (Metalyzer 3B; Cortex Biophysik GmbH, Leipzig, Germany) were continuously collected. The age-adapted walkingbased 'Pepper protocol' was applied to the seniors [20] . This exercise protocol started with an inclination of 0% and a velocity of 1.5 mph (2.4 km/h). Exercise intensity was increased every minute by elevating either treadmill inclination or velocity. A modified running-based Bruce protocol until objective exhaustion with velocity increases of 0.5 km/h per minute at a constant inclination of 1% was applied to the young adults. Thereby, starting velocity was set between 8 and 11 km/h depending on the individual state of physical fitness (based on subjective investigator assessment). Exhaustion was assumed when 3 out of 4 objective criteria were achieved: heart rate above the age-predicted maximum (208 -0.7 × age), ventilatory equivalent for oxygen uptake (VE/VO 2 ) >35, respiratory exchange ratio (RER) >1.15, and breathing rate (BR) >40 [21] .
High-Intensity Interval Session. Four consecutive high-intensity intervals of 4 min duration at a target exercise intensity of 90 of HR max were completed on a treadmill. These intervals were interspersed with active rest periods of 3 min at 70% HR max [15] . In order to stay in-between the required heart rate range, treadmill inclination and velocity were adjusted if necessary. Seniors walked briskly with inclination to avoid locomotor or coordinative limitations. The young adults were allowed to run. Heart rate and gas exchange data were continuously measured.
Control Condition. Similar to the time and locomotor pattern of HIIT, subjects underwent a control (CON) task on the treadmill. A comfortable normal walking speed below 50% of HR max was adjusted for both groups for 4 × 4 min. During the 3-min breaks, participants stood still in an upright position. Heart rate and gas exchange data were also collected.
Testing Procedure Standing Balance. In order to become accustomed to the balance testing procedure, it was allowed to try all relevant standing balance tasks (twice, 10 s for each condition) prior to baseline recordings. A short post-familiarization break of about 2 min was completed. In order to measure static standing balance performance, a piezoelectric Kistler ® force plate (KIS type 9286BA; Kistler Instruments AG, Winterthur, Switzerland) was employed and installed on an even and rigid laboratory floor. Laboratory light ( ~ 500 lx) and temperature (21 ° C) were kept constant. Double limb stance with eyes closed (DLEC) and single limb stance with eyes open (SLEO) were applied as balance tasks. The lateral preference inventory was employed to determine the dominant leg for SLEO testing. The first task was randomly assigned but kept constant within each individual. The tasks were then measured alternately until three attempts for each standing balance task were completed. Both standing balance tasks were tested for 10 s. The participants were instructed to (a) perform without shoes, (b) place their feet comfortably, nearly parallel at approximately shoulder width Physical activity is derived from the Freiburger Physical Activity Questionnaire; T max = exercise time during the maximal ramplike exercise test; Borg = subjectively perceived exertion level at the Borg CR-10 scale; Borg sub = averaged perceived exertion level during the 2-km walking test; BR max = breathing rate.
a Age-predicted maximal heart rate according to Tanaka et al. [40] . Randomized crossover study design. The first day was set as a ramp exercise test in order to examine HR max and to obtain an exercise ECG. On the second and third day, respectively, either an acute bout of HIIT or a CON condition at normal, habitual walking speed (HWS) was randomly performed.
The remaining testing condition was conducted on day 3. During the second and third day, balance performance and muscle activity was measured before (pre) the 4 × 4 interventions as well as immediately (post), 10, 30 and 45 min after exercise cessation. Muscle Activity. Muscle activity of four lower limb muscles (mm. soleus, SOL; medial head of gastrocnemius, GM; tibialis anterior, TIB; peroneus longus, PL) was assessed according to the European recommendations for surface electromyography (SEMG) [22] . In order to achieve the required skin conductance level of <5 kΩ (assessed before and after testing), the skin of the dominant leg was prepared with shavers and fine sandpaper prior to testing. Bipolar electrodes with a surface area of 1.0 cm and a between-electrode (Blue Sensor; Ambu A/S, Balerup, Denmark) distance of 2.0 cm were placed on the required spot marks while seating.
Data Acquisition and Analyses
Standing Balance. Standing balance data during SLEO and DLEC were collected within a time frame of 10 s using a sampling rate of 40 × s -1 [23] . A Butterworth filter with a low-pass cut-off frequency of 10 Hz was applied to the time signals of the ground reaction force data in order to reduce high-frequency noise contamination. Total center of pressure (COP) path length displacement served as outcome measure [24, 25] . The mean of the path lengths of the three attempts was calculated and included into further statistical analyses.
Muscle Activity. Analogue-to-digital conversion of SEMG signals was carried out at a rate of 1,000 × s -1 using a 16-bit system (IMAGO; pfitec, Endingen, Germany). Raw SEMG data were processed offline using custom-made algorithms in MATLAB (The MathWorks, Natick, Mass., USA). After correcting the trend and removing 50 Hz and odd-numbered harmonics of the signals, filters with a band-pass of 20-400 Hz were applied [26] . Electrical activity was calculated with a moving root mean square (RMS) window of 0.2 s (i.e. 200 data points) and 50% window overlap and was averaged over all segments per subject and muscle, respectively. The results were averaged over the three trials.
In order to normalize the changes, the averaged results of absolute amplitudes and RMS were normalized according to baseline values (i.e. before intervention). Values around zero would reflect unchanged activation related to baseline measurements. A RMS% of 20, in contrast, would represent an elevated muscle activity by 20%.
Gas Exchange and Heart Rate Data
Gas exchange data were collected using a breath-by-breath spiroergometric system (Metalyzer 3B; Cortex Biophysik GmbH) and averaged for 10-s intervals. The mean of the three highest consecutive VO 2 and RER values within a 30 s time frame of the final exercise step during the maximal exercise test was regarded as VO 2max . The highest recorded heart rate (Polar M62; Polar Electro, Oy) was regarded as HR max . Ratings of perceived exertion (RPE, CR-10 scale) were requested at the end of each exercise step and at exhaustion. The cardiopulmonary response to HIIT and CON is provided in table 2 .
Statistical Analysis
Data analyses were carried out with Statistica 10.0 (StatSoft, Inc., Tulsa, Okla., USA). Data are provided as means with SD or 95% CI, respectively. COP path length displacements for both stance conditions (DLEO and SLEO) were separately analyzed for both groups by means of 2 (dependent factor: 'condition'; HIIT, CON) × 5 (repeating factor: 'time'; pre, post, 10 min post, 30 min post, 45 min post) repeated measures analyses of variance ( rANOVAs). Fisher's least significance difference (LSD) post hoc tests were computed in case of significant main or interaction effects. In order to analyze SEMG data, we accordingly calculated several 2 (condition: HIIT vs. CON) × 4 (repeating factor 'time': post, 10 min post, 30 min post, 45 min post) rANOVAs for each muscle (GM, SOL, TIB, PL) and stance conditions (DLEC, SLEO) separately for each age group. Thereby, effect sizes (partial eta squared, η p 2 ) for the rANOVA interaction effects were calculated to estimate practical relevance. According to Cohen [27] , a η p 2 ≥ 0.01 indicates a small, ≥ 0.06 a medium, and ≥ 0.14 a large effect. In contrast, large condition × time interaction effects were found during SLEO for TIB in adults (p < 0.001, η p 2 < 0.33) and seniors (p = 0.035, η p 2 < 0.19) as well ( fig. 3 ) . Post hoc testing revealed differences between HIIT and CON immediately after HIIT cessation for adults (p = 0.007) and seniors (p = 0.009) as well as 10 min after exercise cessation for seniors (p = 0.01) only ( fig. 3 ). Condition effects were found for SOL (p = 0.007, η p 2 < 0.50) and PL (p = 0.004, η p 2 < 0.33) only in adults. Muscle activity data for the GM, SOL, TIB and PL during SLEO and DLEC quiet stance for young adults (left charts) and seniors (right charts). Data were normalized for pre-exercise baseline muscle activity (zero line) and indicate the percentage difference to baseline activity. Data are provided as means and 95% CI. ** p < 0.01; * p < 0.05.
Results
Postural Sway
Discussion
The present study investigated the time course of standing balance performance and lower leg muscle activity before and after one typical bout of 4 × 4 min HIIT separately for healthy young adults and seniors. Postural sway was adversely affected immediately after exercise cessation in both groups during SLEO and in seniors also during DLEC. Postural control during SLEO nearly returned to baseline in both groups within about 10 min of balance recovery after exercise cessation. Only seniors needed 10-30 min after DLEC until balance performance returned to baseline levels. Increased muscle activity compared to CON was only observed for TIB immediately after exercise cessation in both groups and in seniors until 10 min after HIIT.
Deteriorated postural sway immediately after HIIT during SLEO in both groups could be mainly caused by an interfered alteration of sensorimotor function and ventilation. It seems likely that the mechanical and physiological demands of high-intensity exercise adversely affect proprioception: for example, higher eccentric loads during exercise have been reported to deteriorate mechanoreceptor function [28] and may overstimulate otolith function [29, 30] . As elevated respiration rates [31] and an enhanced discharge rate of the circulatory system [32] have been reported to impair postural control, exhaustive cardiorespiratory efforts most likely diminish postural control after intense aerobic exercise.
Standing balance performance during DLEC revealed a different picture for both groups. Whereas HIIT did not notably affect postural control during DLEC in young adults, seniors showed a prolonged deterioration of standing balance performance up to 30 min after exercise cessation. It has been previously shown that vision-based sensory function prevails compared to mechanoreceptor function in postural control in seniors [33] . In addition to an aging-induced decline of mechanoreceptor function in seniors [28] , deprived vision may decrease overall sensory integrity with adverse effects on postural control, particularly after intense exercise. Corroboratively, comparable changes were also found after a single walkingbased treadmill test until objective exhaustion in seniors [14] .
Concerning electromyographic activity, a single HIIT session altered TIB activation in both groups during SLEO, particularly pronounced immediately after exercise cessation. While altered TIB muscle activity during SLEO nearly recovered within 10 min in adults, the acute effect of a single HIIT session lasted up to half an hour in the elderly. This finding might reflect a comparatively faster tibial neuromuscular balance recovery after intense exercise in adults compared to seniors. In this regard, increased ankle muscle amplitudes might not only compensate for structural and functional declines of muscle strength during aging [34, 35] but also for acute exerciseinduced changes of the postural control system.
In a closed kinetic chain, TIB can cause an anterior tibial translation. Thus, TIB acts antagonistically to the hamstrings [36] . TIB may counteract a backward movement of the COP during upright stance. It is, however, not clear whether an altered muscle activity after HIIT reflect an adapted strategy of the sensory-motor system to maintain balance while standing or a compensating mechanism for reduced capacities of the integrative function of the neuromuscular-skeletal system in general. Further studies need to address this issue with certainty. Although coactivation was not a primary outcome measure in this investigation, we assume that the constantly elevated muscle amplitudes of TIB in seniors during SLEO led to enhanced coactivation of the ankle muscles [37] . Coactivation has been shown to be associated with increased postural sway during standing balance tasks [38] . In this regard, an increased coactivation would stiffen the joint in order to reduce destabilization effects and thus reflect a more inefficient neuromuscular strategy.
The present study comprises some limitations that should be addressed. As physical activity has been shown to be positively associated with decreased postural sway [39] , the examined seniors do not reflect a fall-prone population. It seems reasonable to assume that older and frailer seniors with additional cardiovascular comorbidities may show larger alteration of postural sway and muscle activity. Moreover, the treadmill exercise patterns during HIIT differed between both groups. Whereas seniors performed a walking-based protocol, adults followed a running-based exercise protocol. Thus, we cannot rule out with certainty whether the observed differences in muscle activity and impairments of postural control might be caused by potential differences of the underlying motor patterns between walking and running. As mechanoreceptor function seems to be likely more deteriorated after running compared to walking, the balance performance alteration in our group of older participants could be underestimated in comparison to the young adults. However, we controlled for cardioventilatory response which was similar in both groups. 
Conclusion
A single HIIT session led to a transient deterioration of postural sway during SLEO in adults and seniors. Within 10 min after HIIT cessation however, balance performance returned to baseline in both groups. HIIT mainly led to altered TIB muscle activity, particularly pronounced immediately after intervention in both groups and up to 30 min after exercise cessation in seniors. Postural sway during DLEC and tibial muscle activity during SLEO following a single HIIT session remained affected up to 30 min after exercise cessation.
This potential 'open-fall-window' can lead to a higher risk to sustain falls due to deteriorated postural control, particularly in seniors. Since seniors should pay notable attention to demanding balance requirements immediately after an intense bout of physical exercise (e.g. during showering or changing clothes), the advantages of HIIT with regard to time efficiency are debatable.
It would be interesting for future studies to include kinematic analysis of the trunk and extremities in order to address whether acute exercise and exercise-induced fatigue may affect the strategy of postural control in seniors (hip vs. ankle strategy). It seems furthermore interesting whether exercise-induced fatigue processes lead to delayed muscle activity onsets and ground reaction forces when tripping incidences would be induced. Also, studies in more inactive, frail and fall-prone seniors are needed in order to disentangle whether acute exercise affects relevant intrinsic fall-risk factors. This is of more importance, since older, frailer and fall-prone seniors are unlikely to be able or willing to safely participate in the intensity of interval training described. Thus, it would be interesting for future studies to attempt to quantify the exercise dosage at which these balance perturbations become evident in older and frailer seniors. Since postural control in seniors is mainly based on the visual sensory function, balance exercise with occluded vision might be included in training regimens to enhance mechanoreceptor function. Regarding training studies, it would also be interesting to see if there is a training or adaptation effect with repeated sessions of HIIT. The present study only evaluated a single HIIT session. It might be reasonable to assume that repeatedly conducted HIIT sessions lead to adapted acute responses of balance performance.
